The cytoskeletal patterns of human platelets spread on a glass surface are analyzed.
ABSTRACT
The cytoskeletal patterns of human platelets spread on a glass surface are analyzed. F-actin is arranged in patterns of parallel microframents, microfilaments forming triangles, or microrflaments radiating tangentially from a central ellipse or circle. Vinculin, a cytoskeletal protein, is located at both ends of the filaments. In platelets with tangentiadly radiating microframents, vinculin patches are aligned on the branches of a two-armed spiral. The spirals are always left-handed. Talin and two integrins (gplIb-IIIa, vitronectin receptor), proteins usually associated with focal contacts in tissue culture cells, are not concentrated at the ends of microfilaments in human platelets. It is suggested that the distribution of vinculin is due to competitive aggregation of vinculin close to the inner leaflet of the ventral plasma membrane and that sites of cytoskeleton-membrane linkage are important for generating supramolecular asymmetries of biological systems.
Comparing biological patterns to purely chemical systems can lead to a better understanding of the physicochemical mechanisms at the basis of self-organizing living systems. Cytoskeletal proteins form functionally important patterns that determine cell shape, but there is very little information about how these patterns are created at the physicochemical level. A striking example of cytoskeletal pattern formation is provided by the actin skeleton oftissue culture cells. Bundled microfilaments span the cells and are anchored in the ventral plasma membrane in focal contacts. Focal contacts are enriched in a number of proteins, some of which are believed to play a role in linking the actin skeleton to the plasma membrane and to the extracellular matrix (e.g., vinculin, talin, and integrins; for a review see ref. 1) .
Human platelets provide a system with many advantages for analyzing the mechanisms that organize cytoskeletal elements into global structures. When attaching and spreading on glass surfaces, they generate essentially twodimensional compartments in which actin filaments and other cytoskeletal proteins are arranged in a small number of characteristic patterns. Here, patterns of actin, vinculin, talin, and integrin distribution in platelets are examined. Two aspects of the regularities observed are discussed. First, based on the similarities between the distribution of vinculin and the patterns generated by periodic precipitations in chemical systems, such as those described by Liesegang (2) , it is suggested that vinculin self-organizes at the plasma membrane by competitive aggregation. Second, the surprising discovery that some of the actin and vinculin patterns, but not the corresponding patterns ofproteins known to be linked to the extracellular matrix, exhibit handedness implies that asymmetry in biological systems is generated at the interface between the plasma membrane and the cytosol.
MATERIALS AND METHODS
Platelets. Fresh blood containing 10 mM citrate was obtained from the blood bank. Platelets were isolated by differential centrifugation and suspended in Hepes-buffered Tyrode's solution (137 mM NaCl/2.6 mM MgCl2/5.5 mM glucose/15 mM Hepes, pH 7.4) at a concentration of 5 x 107 per ml. They were maintained at 37°C and used within 2 hr.
Immunofluorescence. Samples (7 ,ul) of the platelet suspension were placed above glass coverslips in Hepes-buffered Tyrode's solution containing 2 mM CaCl2 at 37°C. At the times indicated, platelets that had spread on the coverslips were fixed in 3.7% formaldehyde and permeabilized with 0.1% Triton X-100 for 5 min. They were then double-stained with rhodamine-phalloidin (Molecular Probes) and one of the following antibodies: (i) a monoclonal antibody against chicken gizzard vinculin, (ii) a monoclonal antibody against platelet glycoprotein complex gpIlb-IIIa (complex-specific), (iii) a monoclonal antibody against the integrin chain 83, and (iv) a monoclonal antibody against chicken gizzard talin. The antibody against vinculin was purchased from ICN Immunologicals. The antibodies against integrin were a gift from B. Steiner (Hoffmann-LaRoche, Basel). The antibody against talin was raised by us in mice and specifically recognizes avian and mammalian talin. The secondary antibody was a fluorescein-labeled affinity-purified goat anti-mouse IgM from Jackson ImmunoResearch.
The coverslips were examined and photographed through an upright microscope (Zeiss Axiophot) equipped with a x 100 Plan-Neofluar objective.
Other Materials. Type I collagen from rat tail was from Serva; fibronectin, a gift from R. Chiquet (Friedrich Miescher Institute, Basel), had been isolated from newborn calf serum; fibrinogen and fibrinogen-related peptide (Gly-Gln-Gln-HisHis-Leu-Gly-Gly-Ala-Ly s-Gln-Ala-Gly-Asp-Val, GQQHHLGGAKQAGDV) were from Sigma; and Gly-ArgGly-Asp-Ser-Pro (GRGDSP) was from Novabiochem (Laufelfingen, Switzerland).
RESULTS AND DISCUSSION
Microfilament bundles in the cytoskeletons of fully spread platelets on glass surfaces resemble stress fibers of cultured cells. The process of spreading preceding this stage has been well documented and occurs by radial growth offilopodia and the extension of veils between them (3-5). Corresponding to the radial outgrowth of filopodia, the actin skeletons of platelets fixed during the spreading phase are arranged radially (Fig. 1A) . After completion of the spreading phase, a limited number of actin patterns are observed: parallel bundles of microfilaments traversing the length of a platelet, bundles arranged in triangles, and bundles radiating tangentially from a center which is most often ellipsoid but can be (Fig. 2 C and c) or, more often, along lines which form a two-armed spiral (Fig. 2 D-F and d-f) . Interestingly, all the spirals are left-handed when the objective of the microscope faces the ventral plasma membrane. At the level of the actin skeleton, this is reflected in the rightward slant of microfilaments radiating from the central area (e.g., see Fig. 4A ). Vinculin is not distributed homogeneously along the arms of the spiral, but in discrete patches with their longer axis corresponding to the direction and location of individual microfilament bundles. Mapping of actin filaments onto corresponding vinculin patches shows that sections ofthe spiral, where distal ends of microfilaments are inserted, are contiguous with sections of proximal insertion points (Fig. 3C,  arrow) .
The organization of platelet cytoskeletons provides a unique opportunity to examine the physicochemical principles underlying the assembly of cytoskeletal structures. In 18% Liesegang (2) described concentric rings ofprecipitation obtained by letting an electrolyte diffuse from a central well into a gel containing a second electrolyte with which it formed a poorly soluble salt. Muller et al. (8) described details of such precipitations that resemble the spiral depositions of vinculin shown here. Similarities include not only the formation of spirals, which had already been described by Liesegang himself (9), but also the substructure ofthe precipitation rings (8) . Like vinculin patches, rings of Liesegang precipitates consist of small parallel stripes aligned radially on neighboring rings. Moreover, rings and spiral arms are subdivided into segments (e.g., Fig. 2c ). Patterned precipitation has also been observed in the absence of a macroscopic gradient (10, 11) . In this case, a particularly dominant aggregate ("greedy giant") might organize its surroundings into concentric rings or spirals (11) . Such precipitation patterns belong to the class of dissipative structures described by Nicolis and Prigogine (12) , and can be explained by competition between growing aggregates. As the radius of an aggregate increases, the equilibrium concentration of electrolyte decreases locally. The resulting depletion of electrolyte sets up a microscopic concentration gradient, preventing the formation of new aggregates in the immediate vicinity.
While mere similarity is no proof that two phenomena are generated by the same mechanism, its observation may nonetheless lead to a better understanding of biological _ w _~~~~~s tructures. The similarities reported suggest the possibility that in spread platelets vinculin is organized as a result of patterned precipitation. Most likely, binding of vinculin to other vinculin molecules (13-15) plays a major role by providing the self-enhancing interaction. In those cases where spirals or concentric rings are observed, cytoskeletal organization might be dominated by a large early central aggregate (a physiological "greedy giant"). The other patterns are then generated by one or several large peripheral aggregates. A mechanism of patterned precipitation would explain the observations that (i) in rat myotubes, acetylcholine receptors and vinculin assemble into alternating stripes of aggregates (16) and (ii) binding of vinculin to focal contacts in vitro is not saturable (17) .
What other molecules contribute to the symmetrybreaking phenomena described? Focal contact sites of tissue culture cells are characterized by an accumulation of, besides vinculin, integrin-type receptors, talin, and various other intracellular proteins (1) . This led to models of focal contacts that have in common a chain of molecules linking the extracellular matrix via integrins, talin, and vinculin to the ends of actin filaments (e.g., see ref. 18 ). However, extracellular matrix and integrins are probably not involved in the periodic cytoskeletal structures of platelets. All the patterns observed on uncoated glass coverslips are also found on coverslips coated with collagen, fibronectin, or fibrinogen (data not shown). Peptides interfering with the binding of extracellular matrix proteins to integrins (GRGDSP and GQQHHLGGAKQAGDV, the carboxyl-terminal peptide of fibrinogen) have no effect on spreading and pattern types, nor does an antibody blocking the activity of gplIb-IIIa, the major platelet integrin (data not shown). Immunostaining platelets spread on glass with antibodies against gplIb-IIIa or against 83 (a chain common to gpIIb-IIIa and the vitronectin receptor) revealed that these integrins do not accumulate at the ends of microfilaments but are homogeneously distributed (Fig. 4 a and b) . Finally, talin, which binds to integrins (19) and to vinculin (20) in vitro, shows the same homogeneous distribution as integrins ( Fig. 4c; aggregation of vinculin by increasing its concentration close to the lipid bilayer. A similar mechanism has been proposed as an explanation for the self-organization of laminin on sulfatide-rich planar lipid bilayers (24) .
To what extent direct or indirect interactions between actin and vinculin are required cannot be decided at present. Actin has been shown to self-organize at lipid interfaces (25) , but it might not be required for periodic precipitations of vinculin as such. However, since actin polymers are asymmetrical, actin could be involved in selecting the left-handed spiral. Handedness is well documented at the molecular level and at the level ofwhole organs and organisms. But the gap between the two levels is wide, and how (or whether) they are related is an open question (26, 27) . The observation that handed cytoskeletal structures are generated at the interface between the attached plasma membrane and the cytosol of platelets could be an important step in filling that gap. In analogy to the results obtained with platelets, spreading ofa cell on a surface of extracellular matrix (or on another cell) might be sufficient to determine asymmetry. In that case, the bias does not have to be provided by an extracellular signal. Interestingly, disturbing the interaction between cells and extracellular matrix during blastula or early gastrula stages in Xenopus laevis results in random lateralization ofthe viscera (i.e., 50o of the embryos exhibit situs inversus) (28) . Although it is too early to draw conclusions, it is tempting to speculate that severing the first cells of a nascent organ from their natural surface leaves the choice of handedness to chance. 
